Peroxisomes are essential cellular organelles involved in lipid metabolism. Patients affected by severe peroxisome biogenesis disorders rarely survive their first year. Genetic screens in several model organisms have identified more than 30 PEX genes that are required for the formation of functional peroxisomes. Despite significant work on the PEX genes, the biogenic origin of peroxisomes remains controversial. For at least two decades, the prevailing model postulated that peroxisomes propagate by growth and fission of preexisting peroxisomes. In this review, we focus on the recent evidence supporting a new, semiautonomous model of peroxisomal biogenesis. According to this model, peroxisomal membrane proteins (PMPs) traffic from the endoplasmic reticulum (ER) to the peroxisome by a vesicular budding, targeting, and fusion process while peroxisomal matrix proteins are imported into the organelle by an autonomous, posttranslational mechanism. We highlight the contradictory conclusions reached to answer the question of how PMPs are inserted into the ER. We then review what we know and what still remains to be elucidated about the mechanism of PMP exit from the ER and the contribution of preperoxisomal vesicles to mature peroxisomes. Finally, we discuss discrepancies in our understanding of de novo peroxisome biogenesis in wild-type cells. We anticipate that resolving these key issues will lead to a more complete picture of peroxisome biogenesis.
T he separation of metabolic and biosynthetic functions within discrete organelles is a hallmark of eukaryotic cells. Peroxisomes are single-membrane-bound organelles whose most conserved function is the compartmentalization of b-oxidation of fatty acids and the breakdown of the hydrogen peroxide generated by this process. The importance of peroxisomes for normal human development is underscored by a spectrum of peroxisome biogenesis disorders (PBDs) (Kunau 1998; Brosius and Gärt-ner 2002; Steinberg et al. 2006) . Patients affected by the most severe of the PBDs-Zellweger syndrome, lack functional peroxisomes, suffer from developmental delay, low muscle tone, hearing impairment, and rarely survive their first year (reviewed by .
The search for genes defective in PBD patients has been greatly aided by genetic screens for peroxisome biogenesis (pex) mutants in several divergent yeasts (Erdmann et al. 1989; Gould et al. 1992; Liu et al. 1992; Tan et al. 1995) . Yeast serves as an excellent model system because the process of peroxisome biogenesis is evolutionarily very well conserved. Thus, the majority of human genes defective in PBDs were discovered by searching for the human homologs of the PEX genes first cloned in yeast .
Despite decades of research on peroxisome biogenesis, the origin of the organelle remains controversial. Classic morphologic work pointed to an origin of peroxisomal membranes from the endoplasmic reticulum (ER) (Novikoff and Novikoff 1972) . Subsequently, it was discovered that peroxisomal matrix proteins are translated on free ribosomes and imported posttranslationally directly from the cytosol (Goldman and Blobel 1978) (Fig. 1 ). These proteins contain two varieties of peroxisomal targeting signals (PTS1 or PTS2) that are necessary and sufficient for directing soluble proteins to the peroxisomal matrix (Gould et al. 1987; Swinkels et al. 1991) . The analogy with mitochondrial and chloroplast protein import led to a shift in the scientific thinking toward a "growth and fission" model in which peroxisomes were considered autonomous organelles that derive from preexisting ones (Lazarow and Fujiki 1985) (Fig. 1) . In their influential review, Lazarow and Fujiki's main argument against the ER origin of peroxisomes was that classical electron micrographs do not convincingly show direct lumenal connections between peroxisomes and the ER (Lazarow and Fujiki 1985) . Nonetheless, peroxisomal content could flow from the ER by a vesicular budding, targeting, and fusion process that would not depend on lumenal continuity (Fig. 2) .
Another reason why the origin of the peroxisomal membrane remains difficult to pin down is that peroxisomes or remnants thereof are not detectable in only two, pex19 and pex3, of the more than 30 pex mutants identified thus (Lazarow and Fujiki 1985) , peroxisomal membrane proteins (PMPs) target to the organelle after translation on cytosolic ribosomes. Recent evidence, however, argues that PMPs are first inserted into the endoplasmic reticulum (ER) via either the Sec61 translocon or the GET (Get1p/Get2p/Get3p) complex. Subsequently, the PMPs exit the ER to reach the peroxisome. There is consensus in the literature that peroxisomal matrix proteins target to the organelle after translation on cytosolic ribosomes. far in the yeast Saccharomyces cerevisiae (Höh-feld et al. 1991; Götte et al. 1998) . In mammalian cells but not in yeast, an additional gene, PEX16, is required for peroxisomal membrane biogenesis (Honsho et al. 1998; South and Gould 1999 ). The precise molecular functions of the Pex19, Pex3, and Pex16 proteins are not known. Pex19p is a predominantly cytosolic protein that binds to the membrane protein targeting signal (mPTS) motifs of peroxisomal membrane proteins (PMPs) Rottensteiner et al. 2004) (Fig. 1) . Within the context of the "growth and fission" model of peroxisome biogenesis, Pex19p was thought to facilitate PMP insertion directly into the peroxisomal membrane as either a PMP receptor or chaperone (Hettema et al. 2000; Snyder et al. 2000; Jones et al. 2004) . Pex3p is an integral membrane protein that binds to Pex19p (Götte et al. 1998) and is proposed to function as a Pex19p docking factor in the direct import of PMPs into the peroxisome (Fang et al. 2004) (Fig. 1) . In mammalian cells, PEX16 is proposed to function as a receptor for Pex3p-Pex19p complexes at the peroxisomal membrane (Matsuzaki and Fujiki 2008) .
In this review we focus on the recent literature that supports the resurgent model of peroxisome biogenesis from the ER. For a more detailed historical account of the vicissitudes Contribution of the endoplasmic reticulum to peroxisome biogenesis. Peroxisomal membrane proteins (PMPs) exit the endoplasmic reticulum (ER) in preperoxisomal vesicles (PPVs), which target to and fuse with mature peroxisomes. Apart from Pex19p, the cytosolic factors required for PPV budding are unknown. PPVs contribute to peroxisomal growth by delivering new lipids and PMPs. Subsequent fission of mature peroxisomes maintains organelle numbers during each cell division. The existence of a retrograde trafficking pathway from peroxisomes to the ER is an open question. Moreover, the extent to which PPVs can fuse with each other to generate a new peroxisome in wild-type cells appears to differ between yeast and mammalian cells (Kim et al. 2006; Motley and Hettema 2007; van der Zand et al. 2012) .
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THE ER ORIGIN OF PEROXISOMES
The "growth and fission" model prevailed for the two decades since Lazarow and Fujiki's review (Lazarow and Fujiki 1985) despite accumulating evidence that peroxisomes can arise de novo. In mutants that lack detectable peroxisomes, the organelle is regenerated on reintroduction of the wild-type version of the mutated gene (reviewed by Subramani 1998) . Such de novo biogenesis has not been observed for autonomous organelles such as mitochondria and chloroplasts.
The ER origin of peroxisomes received its most direct support in a paper from the Tabak group (Hoepfner et al. 2005 ). The authors developed a pulse-chase assay in which PEX3-YFP is expressed from the galactose-inducible promoter as the sole Pex3p source in cells otherwise devoid of peroxisomes. A 30-min galactose pulse followed by a glucose chase results in the one-time expression of Pex3p-YFP to levels comparable to those achieved from the endogenous PEX3 promoter. These physiological levels of Pex3p are sufficient to regenerate importcompetent peroxisomes. Moreover, time-lapse microscopy reveals that Pex3p-YFP first concentrates into foci on the ER membrane and then migrates in a Pex19p-dependent manner to peroxisomes. This evidence argues strongly that the intracellular traffic of at least one PMP, Pex3p, proceeds from the ER to peroxisomes. Two independent groups came to similar conclusions about the trafficking of Pex3p to peroxisomes (Kragt et al. 2005; Tam et al. 2005) . In 2010, the Tabak group extended their fluorescence pulse-chase analysis to many other PMPs and concluded that most, if not all, S. cerevisiae PMPs traffic to peroxisomes via the ER in a Pex3p-and Pex19p-dependent manner (van der Zand et al. 2010) .
Evidence in favor of the ER to peroxisome pathway in mammalian cells focused on the Pex16 protein (Kim et al. 2006 ). The authors found that Pex16p localizes to peroxisomes in COS-7 cells at low expression levels. However, on Pex16p overexpression, the predominant localization of the protein is to the ER. Presumably, the machinery for Pex16p traffic from the ER to peroxisomes is saturated at higher expression levels. Using a photoactivatable version of GFP to tag PEX16, the authors show convincingly that the ER localization of Pex16p represents an intermediate in the delivery of Pex16p to peroxisomes. This delivery is dependent on the mPTS of Pex16p located in the protein's amino terminus. Moreover, the authors append to Pex16p an amino-terminal type I signal anchor sequence to force Pex16p to be cotranslationally inserted into the ER. In this case, the protein still targets to peroxisomes and complements PEX16-deficient human cells.
HOW ARE PEROXISOMAL MEMBRANE PROTEINS INSERTED INTO THE ER?
The majority of proteins targeted to the ER coor posttranslationally are substrates of the Sec61 translocon (Osborne et al. 2005) . If PMPs traffic to peroxisomes via the ER, then what is the mechanism for their insertion into the ER membrane? The literature on this subject has been surprisingly controversial as well. The first published study on the requirement of the Sec61 translocon for peroxisome biogenesis was a negative result but appeared during the reign of the "growth and fission" model (South et al. 2001) . The authors used a cold-sensitive sec61-11 allele that blocks protein translocation into the ER only 15 min after a shift to 178C. They followed de novo peroxisome biogenesis by expressing Pex3p under the galactose-inducible promoter. However, because they did not perform a glucose chase, a caveat to their study is that Pex3p is overexpressed. Unlike the more recent Pex3p pulse-chase experiments (Hoepfner et al. 2005; van der Zand et al. 2010; Thoms et al. 2012) , South et al. induced Pex3p expression for about 20 h before they saw import-competent peroxisomes in about 30% of wild-type cells. They attributed this long period of peroxisome formation to the inhibitory effects of Pex3p overexpression. Despite these shortcomings, de novo peroxisome biogenesis occurred at the same rate and to the same extent in wild-type and sec61-11 cells at the restrictive temperature (South et al. 2001) .
A much more recent report revisited the requirement of the Sec61 translocon for peroxisome biogenesis and came to exactly the opposite conclusion (Thoms et al. 2012) . The experimental setup, however, differs in two key aspects. First, the authors used a different conditional allele-sec61-2, which is temperature sensitive but unfortunately phenotypic for translocation into the ER even at the permissive temperature, raising the possibility that the strain may have accumulated second-site mutations. Second, the Pex3p expression level is more physiologically relevant because Pex3p is induced in galactose for only 45 min and subsequently chased with growth on glucose. The authors follow peroxisome regeneration for the first 4 h after galactose induction. At these physiological levels of Pex3p reexpression, about 80% of wild-type cells regenerate peroxisomes. In contrast, less than 5% of sec61-2 cells, grown at the permissive temperature, regenerate peroxisomes in the same time window. Despite this defect in de novo peroxisome biogenesis, however, at steady state sec61-2 cells grown at the permissive temperature contain similar numbers of import-competent peroxisomes as wildtype cells. This result suggests that the sec61-2 allele does not block but instead delays de novo peroxisome biogenesis.
Because the experimental setups of these two studies differ in several aspects, it is difficult to determine which one is responsible for the drastic difference in their conclusions. Additional experiments, which use several SEC61 alleles at their restrictive temperatures in the context of the more physiologically relevant pulse-chase assay, should resolve the controversy about the requirement of the Sec61 translocon in peroxisomes biogenesis. In the meantime, the results from a third independent study are consistent with a requirement for the Sec61 translocon in peroxisome biogenesis (van der Zand et al. 2010) . These authors drove the expression of Sec62p and Sec63p from the methionine-repressible MET3 promoter. Cells with these alleles were grown in methionine-replete medium for 7 h to achieve partial depletion of Sec62p and Sec63p but not Sec61p. Microscopic analysis revealed the accumulation of cytosolic Pex13p-YFP even by 6 h of promoter repression. These results were confirmed biochemically by cellular fractionation of pex3D cells to avoid the problem of leaky peroxisomes. Before SEC62 and SEC63 repression, Pex13p and Pex14p were exclusively found in the membrane fraction. Seven hours after the simultaneous repression of Sec62p and Sec63p, the three PMPs were also detectable in the cytosolic fraction. Thus, when we take all the evidence into account, the scales are tipping toward the view that the Sec61 translocon is required for PMP insertion into the ER (Fig. 1) .
In contrast to the conflicting results about the Sec61 translocon, there is consensus in the literature about the trafficking of the only tailanchored PMP, Pex15p. Tail-anchored (TA) proteins targeted to the ER are recognized in the cytosol by Get3p and the Get3p-TA complex is recruited to the ER membrane by the heteromeric Get1p/Get2p receptor (Schuldiner et al. 2008) (Fig. 1) . In their seminal report on the discovery of the GET complex, the authors showed that Get3p physically interacts with Pex15p in a yeast two-hybrid assay (Schuldiner et al. 2008 ). This interaction depends on the carboxy-terminal transmembrane domain of Pex15p. Moreover, in get1D or get2D mutant cells, Pex15p initially forms cytosolic aggregates. Extended overexpression leads to Pex15p mislocalization to mitochondria. The lag period to mitochondrial mislocalization of Pex15p is dramatically shortened in get3D cells. In a later report, the Tabak group performed a fluorescent pulse-chase experiment to follow the traffic of YFP-Pex15p (van der Zand et al. 2010). They also found that Pex15p traffic is impaired in get3D mutant cells. Thus, the GET complex is required for targeting Pex15p to the peroxisome via the ER. 
HOW DO PEROXISOMAL MEMBRANE PROTEINS LEAVE THE ER?
The observation that newly made Pex3p-GFP migrates from ER foci to peroxisomes (Hoepfner et al. 2005 ) raises the intriguing possibility that PMPs leave the ER in membrane-bound vesicles. Using S. cerevisiae as a model system, our laboratory was the first to establish a cellfree budding reaction that reproduces the formation of preperoxisomal vesicles (PPVs) (Fig.  2) responsible for the transit of at least two PMPs-Pex3p and Pex15p, from the ER (Lam et al. 2010) . When cytosol from wild-type cells is incubated with microsomal membranes from pex19D cells, which lack detectable peroxisomes, Pex3p and Pex15p are incorporated into a slowly sedimenting vesicle fraction. This process is ATP-dependent but independent of the small GTPase Sar1, which initiates the assembly of the COPII machinery responsible for secretory cargo packaging at the ER (Box 1) (Zanetti et al. 2012) . The PPV budding reaction also requires Pex19p in the cytosol fraction but recombinant Pex19p is not sufficient. Thus, PPV production requires additional cytosolic factors, which are likely to be proteins because the cytosolic activity is heat-and trypsin-sensitive (Fig. 2) . However, other known Pex proteins with cytosolic localization (Pex1p, Pex5p, Pex6p, and Pex7p) are not required in the cytosol for PPV budding. An independent study from the Subramani group in permeabilized Pichia pastoris cells reached remarkably similar conclusions despite the different model organism, source of donor membranes, PMPs investigated and reaction conditions (Agrawal et al. 2011 ). They also found that Pex11p-containing vesicles bud even when pex3D permeabilized cells are used as donor membranes. The resultant vesicles, however, lack most other PMPs tested.
If PMPs bud from the ER in membranebound vesicles, then the next pressing question concerns the identity of the other cytosolic proteins responsible for PPV formation (Fig. 2) . The in vitro budding reactions rule out the involvement of the canonical COPII coat (Box 1). Moreover, two independent studies in human cell lines concluded that the COPII and COPI coats (Box 1) are not required for peroxisomal biogenesis Voorn-Brouwer et al. 2001 ). Both studies used dominant negative alleles of Sar1p and brefeldin A (BFA) treatment (Box 1) to rule out the requirement of the canonical COPII and COPI coats, respectively, for PMP targeting to peroxisomes. On the other hand, a study in the yeast Hansenula polymorpha found that BFA treatment leads to the reversible accumulation of newly synthesized PMPs and peroxisomal matrix proteins in the ER, but not to a complete block in peroxisome biogenesis (Salomons et al. 1997) . Thus, there could be some species-specific differences in the involvement of COPI in peroxisome biogenesis. In this regard, COPI has also been proposed to play a role in peroxisome fission because purified rat liver peroxisomes recruit COPI in GTPgS-dependent manner and a Chinese hamster ovary cell line with a temperature-sensitive allele of 1-COP develops elongated, tubular peroxisomes at the restrictive temperature (Passreiter et al. 1998) . In summary, the identity of the additional soluble proteins and the putative BOX 1. DEFINITIONS
COPII
Coat protein complex II responsible for the formation of vesicles involved in anterograde cargo transport from the endoplasmic reticulum (ER) to the Golgi apparatus. COPI Coat protein complex I responsible for the formation of vesicles involved in retrograde transport of resident proteins among Golgi cisternae and in the retrieval of ER proteins from the cis-Golgi cisterna. Sar1
A small Arf-like GTPase that initiates the assembly of the COPII coat. Brefeldin A
Inhibitor of a GTP exchange factor responsible for the activation of Arf1, a small GTPase that initiates the assembly of the COPI coat.
ATPase required in the PPV budding reaction remain unknown. These proteins may have been missed in prior genetic screens because of redundancy or their essential function in other cellular processes. The discovery and characterization of these additional cytosolic factors remains an active area of research.
In mammalian cells, a clue to the identity of the machinery responsible for Pex16p exit from the ER comes from a recent study that implicates the Sec16B isoform in peroxisome biogenesis (Yonekawa et al. 2011) . Knock-down of Sec16B but not Sec16A leads to ER localization for Pex16p. Moreover, a fluorescent pulsechase analysis revealed that Sec16B is required for the delivery of Pex16p from the ER to peroxisomes. Both Sec16 isoforms are involved in ER exit site formation (Bhattacharyya and Glick 2007) . Truncated Sec16B mutants, however, showed that ER exit site localization is separable from the protein's role in Pex16p traffic. S. cerevisiae has a single SEC16 gene that is the ortholog of the longer Sec16A mammalian isoform. Thus, it is unclear if yeast contains a functional ortholog of the SEC16B gene. Identifying proteins that bind specifically to Sec16B may reveal other players in mammalian peroxisome biogenesis from the ER.
We finish this section by mentioning two additional outstanding questions related to vesicular traffic between the ER and peroxisomes. First, how are PMPs sorted away from ER-resident and classical secretory pathway proteins during their traffic to the peroxisome? The current literature provides no clues to answer this question. Thus, genetic screens for mutants in which an ER-resident or secretory protein mislocalizes to peroxisomes may be necessary. Second, is there a retrograde pathway from peroxisomes back to the ER, given the precedent for such a pathway from the Golgi apparatus to the ER (Fig. 2) ? One proposal for a retrograde pathway from peroxisomes to the ER mediated by COPI-coated vesicles is based on results that have not been followed up since 1998 (Passreiter et al. 1998; Titorenko and Rachubinski 1998) . Testing this hypothesis as well as the existence of a retrograde pathway should be another focus of future research.
HOW DO PREPEROXISOMAL VESICLES CONTRIBUTE TO MATURE PEROXISOMES?
With the exception of Salomons et al.'s work on Hansenula polymorpha cells treated with BFA (Salomons et al. 1997 ), we are not aware of any other report in which soluble peroxisomal matrix enzymes are localized to the ER. Thus, a functional peroxisomal importomer-the translocon responsible for import of soluble PTS1-or PTS2-containing proteins into the peroxisomal matrix, must not assemble in the ER membrane. The importomer consists of two halves-the docking subcomplex, which contains the PMPs Pex13p and Pex14p, and the RING subcomplex, which contains the PMPs Pex2p, Pex10p, and Pex12p (Agne et al. 2003) (Fig. 1) . Given our thinking that all PMPs traffic to the peroxisome via the ER, how is importomer assembly prevented in the ER membrane?
Progress toward answering this question comes from the recent demonstration that mature, import-competent peroxisomes are formed by the heterotypic fusion of at least two molecularly distinct PPVs (van der Zand et al. 2012) . The authors used a split-GFP complementation assay (Hu et al. 2002) to follow the generation of newly synthesized importomer complexes. The nonfluorescent amino-and carboxy-terminal halves of Venus fluorescent protein (VFP) were each fused to different PMPs in haploid cells that were subsequently mated. Fluorescence complementation in the resulting diploid zygote indicates physical interaction between the two PMPs. When wild-type haploid cells were mated, fluorescence complementation was achieved between tagged members within the docking subcomplex (Pex13p-Pex14p), within the RING subcomplex (Pex2p-Pex10p), and across the two subcomplexes (Pex2p-Pex14p and Pex10p-Pex13p). Remarkably, when pex3D or pex19D haploid cells were mated, fluorescence complementation was seen only between proteins within a subcomplex (Pex13p-Pex14p and Pex2p-Pex10p) but not for proteins across the subcomplexes (Pex2p-Pex14p and Pex10p-Pex13p). The authors argue that the reconstituted docking and RING subcomplexes are in the ER membrane based on their prior pulse-
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Another remarkable finding is that a similar lack of VFP complementation across subcomplex members occurs in mating pex1D or pex6D cells. Prior studies in Yarrowia lipolytica implicate the NSF-like (AAA þ ) proteins Pex1p and Pex6p in the heterotypic fusion of purified PPVs leading to the proposal that different PPVs fuse to form mature peroxisomes (Titorenko and Rachubinski 2000; . This model receives further support in the more recent study (van der Zand et al. 2012) in which the authors provide fluorescence localization evidence that the docking and RING subcomplexes are kept in distinct PPVs. Compartments harboring the subcomplexes have to fuse to reconstitute a functional importomer and generate new mature peroxisomes. Heterotypic fusion between PPVs and preexisting peroxisomes and between mature peroxisomes was not detected (van der Zand et al. 2012) .
Whereas the intriguing finding that the docking and RING subcomplexes leave the ER in molecularly distinct PPVs is a major step toward understanding why peroxisomal matrix proteins are not observed in the ER lumen, the original question remains: What is the mechanism for preventing importomer reconstitution in the ER membrane? One possibility is that the docking and RING subcomplexes need to pair in a trans rather than cis orientation to reconstitute a functional importomer by analogy to the functional association of SNARE proteins in trans to promote membrane fusion. An alternative possibility is that an inhibitory factor localized to the ER membrane prevents importomer reconstitution. Yet another possibility is that different ER subdomains are required for the budding of the distinct PPVs. In this case, one must ask how the different ER subdomains are segregated, how PMPs are sorted into the different PPVs, and which SNARE proteins, if any, specify the heterotypic fusion event.
DOES DE NOVO PEROXISOME BIOGENESIS OCCUR IN WILD-TYPE CELLS?
The latest finding that PPVs fuse to form new peroxisomes that add to the preexisting pool of organelles (van der Zand et al. 2012 ) is hard to reconcile with the prior evidence that de novo peroxisome biogenesis occurs only in cells devoid of peroxisomes (Motley and Hettema 2007) . Both studies were conducted in S. cerevisiae but use slightly different experimental setups that are described in detail in Table 1 . The earlier report convincingly showed that the majority of peroxisomes in wild-type S. cerevisiae cells are generated from preexisting peroxisomes (Motley and Hettema 2007) , although a low level of de novo biogenesis may have escaped their detection. Moreover, they show that Pex3p-GFP traffics from the ER to preexisting peroxisomes in newly formed zygotes heterozygous for pex19D (Table 1 , fourth column). This result contradicts the finding that Pex3p is on both types of PPVs, which do not fuse with preexisting peroxisomes but instead fuse to form new peroxisomes (van der Zand et al. 2012) . One possibility for these discrepant results is that the latest study follows new peroxisome formation, which is assayed by reconstitution of the split-VFP signal, every 24 h for 72 h. This time frame is much longer than the five hours necessary for de novo peroxisome biogenesis in cells devoid of peroxisomes in all prior pulse-chase studies from the same group (Hoepfner et al. 2005; van der Zand et al. 2010) .
In contrast to S. cerevisiae, mammalian cells appear to prefer de novo formation of peroxisomes (Kim et al. 2006) . The authors develop an assay based on a photoactivatable GFP-PTS1 fusion that allows them to distinguish between preexisting and newly generated peroxisomes. In their assay, de novo peroxisome biogenesis contributes the majority of new cellular peroxisomes (73%), while fission of preexisting peroxisomes accounts for the remainder. Thus, it is possible that there are species-specific differ-ences in the regulation of the mix between de novo biogenesis and fission of peroxisomes in wild-type cells. Yeast appears to have dialed the rheostat so that fission of preexisting organelles dominates peroxisome maintenance at least under the growth conditions tested (Motley and Hettema 2007) . Mammalian cells, on the other hand, appear to favor de novo peroxisome formation from the ER.
CONCLUDING REMARKS
We conclude that a model of peroxisome biogenesis, consistent with most of the existing data, calls for a semiautonomous origin of the organelle. In this model, peroxisomal membrane proteins are delivered by vesicular traffic from the ER and matrix proteins are translocated posttranslationally directly from the cytoplasm (Figs. 1 and 2 ). This model is also one of "growth and fission" (Fig. 2) . However, the "growth" component has a dual origin-an endomembrane (PMPs and membrane lipids) and an autonomous one ( peroxisomal matrix proteins). This model is surprisingly similar to the one discussed by Günter Blobel as far back as 1978 (Goldman and Blobel 1978) . Given the pendulum swings in scientific opinion between an endomembrane versus autonomous origin of the peroxisome, it seems possible that the final model could change again.
We now briefly draw attention to some evidence in the literature that is hard to reconcile with the ER origin of peroxisomal membrane proteins. First, PMPs accumulate in mitochondria in fibroblasts from PBD patients with PEX3, PEX19, or PEX16 mutations South et al. 2000) . Moreover, de novo peroxisome biogenesis can occur in S. cerevisiae when the sole copy of Pex3p is targeted to the mitochondrial outer membrane (Rucktäschel et al. 2010) . Is there a mitochondria-to-peroxisome pathway or are these observations an artifact of protein overexpression or other off-pathway effects? A mitochondriato-peroxisome pathway has been suggested by studies in mammalian cells (Neuspiel et al. 2008; Braschi et al. 2010) . Second, how do we reconcile the ER-to-peroxisome pathway with the old reports of in vitro PMP import directly into purified peroxisomes (Diestelkötter and Just 1993; Imanaka et al. 1996) . Are those results plagued by the fragility of isolated peroxisomes (reviewed by Tabak et al. 2008) , by contamination from other organelles or is there an alternative cytosol-to-peroxisome pathway? If PMPs can traffic directly to peroxisomes and there is no need to invoke a vesicular carrier for lipid delivery from the ER to the peroxisome (Raychaudhuri and Prinz 2008) then how do we reenvision the role of PPVs? Every field has its "dirty little secrets" (Yewdell 2005) and ours is no exception. Therefore, much remains to be clarified before a consistent and unified model of peroxisome biogenesis can be advanced.
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